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ABSTRACT  The effect of calcium on myofibrillar turnover in primary chick leg skeletal  muscle 
cultures was examined. Addition of the calcium ionophore A23187 at subcontraction threshold 
levels  (0.38 #M) increased  significantly  rates of efflux  of preloaded 45Ca  +2 but had  no effect 
on  total  protein  accumulation.  However,  A23187  as  well  as  ionomycin  caused  decreased 
accumulation  of the myofibrillar  proteins,  myosin  heavy chain  (MHC), myosin light chain  If 
(LClf),  2f (LC2f),  a-actin (Ac), and tropomyosin  (TM). A23187 increased  the degradation rate 
of  LClf,  LC2f,  and  TM  after  24  h.  In  contrast,  the  calcium  ionophore  caused  decreased 
degradation of Ac and troponin-C and had no effect on the degradation of MHC, troponin-T, 
troponin-I, or o~,/~-desmin (Din). In addition, A23187 did not alter degradation of total myotube 
protein. The ionophore had  little or no effect on the synthesis  of total myotube proteins, but 
caused a marked decrease in the synthesis  of MHC, LClf,  LC2f, Ac, TM, and Dm after 48 h. 
The  mechanisms  involved  in  calcium-stimulated  degradation  of the  myofibrillar  proteins 
were also investigated.  Increased  proteolysis appeared to involve a lysosomal  pathway, since 
the effect of the Ca  ++ ionophore  could  be blocked  by the protease inhibitor  leupeptin  and 
the lysosomotropic agents methylamine and chloroquine. The effects of A23187 occur in the 
presence of serum, a condition  in which  no lysosomal  component  of overall  protein  degra- 
dation is detected. The differential effect of A23187 on the degradative rates of the myofibrillar 
proteins suggests a dynamic structure for the contractile apparatus. 
Continuous intracellular protein degradation is a characteris- 
tic of all cell types, and regulation of this process can be as 
important as protein synthesis in determining cellular protein 
content and growth rates (14, 17). In muscle, growth protein 
degradation can be affected by insulin,  insulin-like factors, 
glucocorticoids, activity, and nutrition (9, 14, 17, 20, 31, 41). 
Despite the  importance of intracellular proteolysis, the  re- 
sponsible proteolytic mechanisms are not clearly defined. The 
turnover of  the myofibrillar  proteins includes an extra element 
of complexity, since these proteins are assembled into thick 
and thin filaments, which are further arranged into myofibrils 
(12).  In  embryonic muscle the  polymerization of nascent 
contractile proteins into thick and thin filaments is followed 
by the longitudinal and lateral association of these filaments 
into myofibrils (12). In postnatal muscles, addition of newly 
synthesized contractile proteins occurs primarily at the pe- 
riphery  of the  myofibrils (32).  The  individual  contractile 
protein subunits are now believed to have heterogeneous rates 
of turnover (46), which is difficult to reconcile with a degra- 
dative mechanism involving the bulk destruction of the or- 
ganelle.  Possibly,  degradation  of the  contractile apparatus 
involves either localized disassembly and/or the selective pro- 
teolysis of the myofibrillar proteins (43, 46). 
Several proteolytic activities that can degrade myofibrillar 
proteins in  vitro have been  described.  These include acid 
proteases of the lysosome such as cathepsins B, L, and H (3). 
The contractile proteins are also substrates for the nonlyso- 
somal calcium-activated neutral proteases, which have been 
shown to remove Z-lines in  muscle  (19).  In  addition,  the 
smooth muscle trypsin-like serine proteinases can also degrade 
myofibrillar proteins (22). Also,  muscle cells contain nonly- 
sosomal ATP-dependent proteolytic  activities, but the suscep- 
tibility of the myofibrillar proteins to these proteases has not 
been determined (10, 11). The roles that any of  these proteases 
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the regulation and control of such proteolytic activities are 
still unclear. 
Calcium has been shown to be important in the regulation 
of many cellular activities. It is known to mediate stimulus- 
response  coupling in  a  wide  variety  of biological  systems, 
most notably excitation and contraction in muscle (8). It has 
also been implicated as a  second messenger in certain hor- 
mone actions (35, 39) and in the secretion of products from 
both endocrine and exocrine glands (35). Calcium is required 
for membrane fusion during myotube formation (7) and has 
been shown to enhance prostagiandin production in various 
tissues, including skeletal  muscle (36). Calcium can stimulate 
overall rates of proteolysis in muscle and in hepatocytes (9, 
15,  21,  25,  36,  40,  47).  However,  the effect  of calcium  on 
protein synthesis is more controversial; this cation has been 
shown to stimulate (21), inhibit (25), or have no effect  (36) 
on this process in skeletal  muscle. 
In the present study we have examined the ability of altered 
calcium to affect  the degradation as well as the synthesis of 
individual myofibriUar proteins. These studies have revealed 
that the turnover of individual contractile proteins is regulated 
nonuniformly by a calcium-dependent mechanism involving 
lysosomes. The results support the hypothesis that contractile 
proteins are released  from the myofibril before their break- 
down to amino acids. 
MATERIALS AND  METHODS 
Myotube Cultures:  Primary cultures of  chick embryo skeletal muscle 
were prepared as described previously (20). The cells were plated on gelatin- 
coated dishes at a density of 3 x  l06 ceUs/100-mm plate and grown in complete 
medium consisting of  40:60 Hunk's  balanced salt solution (HBSS): Waymouth's 
medium,  15%  selected  horse  serum,  2%  chick  serum,  and  1%  antibiotic 
mixture. The HCO3- concentration  was adjusted to 25 mM. The Ca  ++ concen- 
tration  in the medium was l mM. 
Measurement of Calcium Efflux:  7-d-old cultures were labeled for 
18 h with 4~Ca** (5 uCi/ml).  The cultures were then washed five times with 
serum-free medium and transferred to complete medium in the presence and 
absence of A23187 (0.38 t~M, dissolved in  100% ethanol).  The final ethanol 
concentration  in  both control  and A23187-treated  cultures  was adjusted  to 
0.1%.  The  release of radioactivity  was  measured  by  sampling  the  culture 
medium at the indicated  times and counting the samples in a Packard  Tri- 
Curb  liquid  scintillation  counter  (Packard  Instrument Co.,  Inc.,  Downers 
Grove, IL). Protein content of  the cultures was measured by the Bradford assay 
(4). 
Preparation  of Subcellular  Fractions:  The cells were washed with 
ice-cold HBSS containing HCO3- (25 mM). Subsequent procedures were carried 
out at 4"C. Cells were harvested with the use of a Teflon-coated razor blade in 
the presence of 0.75 ml/plate of low salt buffer (0.1 M KCI, 2 mM MgCI2, 2 
mM  EGTA,  0.5  mM  dithiothreitol,  0.01 M  Tris-maleate  buffer,  pH  7.0) 
containing the protease inhibitors teupeptin (5 t~g/ml)  and pepstatin (5 pg/ml). 
Cells were homogenized using a Dounce homogenizer with 25 strokes of a tight 
fitting B pestle. The homogenates were centrifuged at 10,000 g for 15 rain. The 
supernatant was then centrifuged at 100,000 g for 1 h. The high speed super- 
natant (soluble fraction) was concentrated  by means of acetone precipitation 
and solubilized in lysis buffer  (9.5 M  urea,  2%  [wt/vol]  Nonidet  P-40, 2% 
Ampholines, consisting of 1.6% pH range 5-7 and 0.4% pH range 3-10,  and 
5% #-mercaptoethanol)  (34). The low speed pellet was suspended in low salt 
buffer  plus  Triton  X-100  (1%)  and  centrifuged  at  10,000 g.  The  Triton 
supernatant  (membrane fraction)  was concentrated  as described above.  The 
remaining pellet (myofibrillar fraction) was washed twice with low salt buffer 
plus protease inhibitors and solubilized in lysis buffer. 
Isolation  and  Separation  of Proteins:  Troponin was partially 
purified according to the method of Matsuda, Obinata, and Shimada (30), with 
~Abbreviations  used  in  this paper:  Ac,  a-actin;  Dm,  a,B-desmin; 
HBSS, Hunk's balanced salt solution; LCIf and LC2f, myosin light 
chains  I f and  2f;  MHC,  myosin heavy chain;  TCA, trichloroacetic 
acid; TM, tropomyosin. 
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modifications.  Cells were harvested  on ice, as described  previously,  in  the 
presence of 0.90 ml/plate Guba-Straub's  buffer (0.3 M KCI, 0.09 M KH2PO4, 
0.06 M K2HPO4, pH 6.3) containing 0.5% Triton  X-100, pepstatin (5 pg/ml), 
and  leupeptin  (5  gg/ml).  Cells were homogenized  at  0°C using  a  Dounce 
homogenizer with 25 strokes of a tight fitting pestle. The homogenates  were 
centrifuged at 20,000 g for 30 min. The pellet was then extracted overnight in 
10 x vol of 0.4 M LiC1, 2 mM EDTA, 1 mM NaHCOa, 0.05% NaNa, 5 pg/ml 
pepstatin, and 5 ug/ml leupeptin. The extract was then centrifuged at 20,000 g 
as before. The supernatant  was concentrated by means of acetone precipitation 
and solubilized in lysis buffer. 
One-dimensional gel etectrophoresis was performed according to Laemmti 
and King (24). A 10% separating gel was used to resolve the troponin compo- 
nents.  Myosin  heavy chain  (MHC)  was resolved from total  cellular protein 
using a 7.5% gel. Two-dimensional gel electrophoresis was performed according 
to O'Farrell (34), except that the second dimension  separating gel consisted of 
10% acrylamide. 
Measurement of Protein Accumulation:  Myotubecultureswere 
labeled on day 7 with fresh growth medium containing [3~S]methionine  (5 uCi/ 
ml), in the presence and absence of either A23187 or ionomycin (both at 0.38 
pM). After various incubation  times, the labeling medium was removed, and 
the cells were washed with ice-cold HBSS containing  HCO3- (25 mM). Cells 
were harvested as described previously in the presence of 100 ~l/plate  lysis 
buffer. The cells were homogenized in a Dounce homogenizer with 25 strokes 
of a tight-fitting pestle. The urea concentration  was readjusted to 9.5 M with 
solid urea.  Cell homogenates  were stored  frozen (-20"C) until  use. Protein 
spots were identified by co-electrophoresis on one- and two-dimensional gels 
with purified marker proteins and were excised from the gel using a hollow 
stainless steel rod. Gel slices were incubated  in 1 ml NCS (Amersham Corp., 
Arlington Heights, IL) (90%) for 2 h at 50"C, and then counted in a toluene- 
based fluor in a  liquid scintillation counter.  Equal amounts of protein  were 
loaded onto each gel as determined by the Bradford assay (4). The effect of the 
calcium ionophores  on protein  accumulation  was determined  as the percent 
difference between cpm remaining in specific proteins in control and ionophore- 
treated  cultures.  The significance of the  differences between the groups was 
determined  using the Student's t-test. 
Incorporation  of isotope into total  myotube proteins and subcellular frac- 
tions  was determined  after  triehloroacetic  acid  (TCA)  precipitation  of cell 
homogenates.  Aliquots  containing  equal  amounts of protein  (100 ~1)  were 
precipitated  with 2 ml cold TCA (10%). The precipitates were collected on 
Whatman glass microfiber filters (GF/B), pre-wetted with ice-cold TCA (10%), 
using a vacuum manifold.  Filters were washed with cold  10%  and 5% TCA 
and dried in an oven (80°C for 1 h). Protein was digested with NCS (90%) and 
counted in a liquid scintillation counter as described previously. 
Measurement of Protein  Degradation:  Myotube  cultures were 
labeled on day 7 with fresh medium containing  [3SS]methionine  (20 #Ci/ml). 
After 24 h, this medium was removed, and the cells were rinsed three times 
with HBSS containing  25 mM HCOa- and  10-fold excess cold methionine  (2 
raM). Cells were then transferred to the experimental  medium (containing  2 
mM methionine)  in the presence and absence of A23187 (0.38 #M).  After 
chase periods of varying times, cell protein was harvested, and one- and two- 
dimensional gel electrophoreses were performed as described above. 
Measurement of Protein  Synthesis:  Myotube  cultures were fed 
on day 7 with fresh medium in the presence and absence ofA23187  (0.38 #M). 
After various incubation times, fresh medium containing [J~S]methionine (100 
~Ci/ml)  was added to the cultures.  After 1 h of incubation,  cell protein  was 
harvested and incorporation of isotope was determined as described previously. 
Materials:  Leupeptin  was a  generous  gift from Dr.  Alfred  Stracher 
(Downstate  Medical Center,  Brooklyn, NY). Chloroquine  and methylamine 
were obtained  from Sigma Chemical Co. (St. Louis, MO). A23187 and iono- 
mycin were obtained from Calbiochem-Behring Corp. (La Jolla, CA). All tissue 
culture plastics were obtained from Falcon Labware (Oxnard, CA). Waymouth's 
medium,  HBSS, horse and  chick  serum,  and  antibiotics  were from Gibeo 
(Grand Island, NY). L-[3~S]Methionine (specific activity 1,100-1,400 Ci/mmol) 
and  45Ca÷+ (specific activity  10-40  mCi/mg calcium)  were obtained  from 
Amersham Corp.  All chemicals for electrophoresis were obtained  from Bio- 
Red Laboratories (Richmond,  CA). 
RESULTS 
Effect of Calcium lonophore A23187 
on Calcium Efflux 
Primary chick leg skeletal  muscle cultures were grown in 
medium containing 15% horse serum and 2% chicken serum. 
Myoblasts fused to form multinucleated myotubes after 48- 72 h in culture. The myotubes exhibited cross-striations by 5 
d, but only rarely exhibited spontaneous contractions. 
To determine the effects of the calcium ionophore A23187 
on  skeletal myotubes, we incubated  7-d-old cultures in  the 
presence and absence of different concentrations of A23187 
(0-3.8  pM). At a  concentration of 0.38  ~M,  the ionophore 
was found to be below the threshold level needed to cause 
contraction of the myotubes and did not cause any detectable 
alterations in the  morphology of the cultures,  as judged by 
light microscopy (data not shown). However, this low dose of 
A23187 stimulated movement of intracellular calcium in the 
myotube cultures; there was increased efflux of 45Ca++ from 
previously labeled cells in the presence of the ionophore, as 
compared with controls (Fig.  1). Similar results were obtained 
if cells were exposed to A23187  for 24  h  before the efflux 
measurement (data not shown). Higher doses of A23187 (3.8 
~M) caused contraction and subsequent detachment of the 
myotubes from the  culture  dish.  Additional  dose-response 
experiments were performed as described below. 
Calcium-dependent  Regulation 
of Protein Accumulation 
To determine the effect of calcium on protein metabolism 
in  muscle,  we  incubated  7-d-old  myotube cultures  in  the 
presence and absence of A23187.  After various times, cells 
were harvested and specific proteins were resolved by one- 
and  two-dimensional  polyacrylamide gel  electrophoresis;  a 
typical gel  is shown  in  Fig.  2.  By 72  h  in  the  presence of 
A23187, there was decreased accumulation of  the myofibrillar 
proteins, myosin light chain I f(LC 1  f), and myosin light chain 
2f (LC2f),  as determined  visually by decreased Coomassie 
Blue staining (Fig.  3). Indeed, all of the myofibriUar proteins 
appear to display decreased accumulation in A23187-treated 
cultures, although this effect was particularly evident for the 
myosin light chains. These effects appear to be selective, since 
no differences were detected in total protein content between 
control and 96-h A23187-treated cultures. 
To better quantify the effects of calcium on protein accu- 
mulation, we chose to use an isotope labeling technique rather 
than measurement of Coomassie Blue staining. In the follow- 
ing  studies  continuous  labeling  of myotube  cultures  with  lo[ 
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FIGURE  1  Effect of A23187 on 4SCa+÷  efflux in myotube cultures. 
Cells were labeled for  18  h  with 4SCa++ (5  #Ci/ml), washed five 
times in serum-free  medium, and transferred to complete medium 
either in the presence (O) or absence (O) of A23187 (0.38 pM). The 
release of radioactivity was determined by sampling  the culture 
medium at the indicated times, n = 6 for each point. Similar results 
were obtained in at least two independent experiments. 
FIGURE 2  Two-dimensional polyacrylamide gel electrophoresis of total lysate protein of cultured muscle cells.  Electrophoresis 
was performed as described in Materials and Methods using a first  dimension isoelectric  focusing gel containing ampholytes in 
the pH 5-7 range. Proteins were stained with Coomassie Blue as described  in the text. lf,  myosin light chain lf; 2f,  myosin light 
chain 2f; Ac, a-actin; TM, tropomyosin; Din, ~,/~-desmin; Z, unknown protein Z. 
SILVER AND  ETLINGER  Calcium-dependent Turnover of Contractile Proteins  2385 FIGURE  3  Two-dimensional pol- 
yacrylamide  gel  electrophoresis 
of total  lysate  protein  of control 
CA) and  72  h A23187-treated  (B) 
cultures.  Electrophoresis was per- 
formed as described in the legend 
for Fig. 2. Only the myosin light 
chain region of the gel is shown. 
[3~S]methionine  was carried out for up to 96 h (several times 
the  half-lives of the proteins being studied).  Such  measure- 
ments reflect both protein synthesis and degradation. At these 
longer times (48-96 h), incorporation of [35S]methionine  ap- 
proximates a  true  accumulation  measurement.  This  is  in 
contrast to estimates of  protein synthesis (see below), in which 
[35S]methionine  incorporation is measured after short labeling 
times (1 h). In control cultures, there was rapid incorporation 
of [35S]methionine  into MHC, LCIf, LC2f, a-actin (Ac), and 
tropomyosin (TM) until  48  h  of incubation  (Fig.  4, A-E). 
After this time, there was no further net uptake of label into 
these proteins or into total protein. This cessation of incor- 
poration occurs because rates of protein synthesis are equal 
to rates of protein degradation. Consistent with these obser- 
vations, there was no difference in the amount of protein on 
the plate between 0 and 96 h, as judged by the Bradford assay 
(4).  In A23187-treated cultures, at 24 h  of incubation, rates 
of isotope  incorporation  were  similar  to  those  of control 
cultures  (Fig.  4,  A-E).  However, after a  24-h  exposure to 
A23187, there was a net reduction of the contractile proteins 
(MHC,  LClf,  LC2f,  Ac,  TM),  which  became  even  more 
apparent after 48- and 96-h exposures to the ionophore (Fig. 
4, A-E). These data are consistent with the decreased accu- 
mulation of the contractile proteins seen by Coomassie Blue 
staining  (Fig.  3).  Interestingly,  no  phosphorylated  form of 
LC2f could be detected in these cultures, either by Coomassie 
Blue  staining  or by autoradiography of [35S]methionine-la- 
beled proteins. 
Accumulation of certain other proteins was not affected by 
the calcium ionophore. For example, after 96 h of incubation, 
there was no difference in the accumulation of  an unidentified 
protein  Z  between  control  and  ionophore-treated  cultures 
(Fig.  4F).  Protein  Z  is a  soluble  myotube-specific protein, 
since primary chick fibroblast cultures do not synthesize this 
protein (data not shown). 
Similar results were obtained using the highly specific cal- 
cium ionophore, ionomycin (28).  Like A23187,  ionomycin 
(0.38 ~M) decreased rates of accumulation of the two myosin 
light chains,  If and 2f (Fig.  5). In addition, ionomycin, after 
96 h of  treatment, had no effect on total protein accumulation, 
as measured by either the Bradford assay or by incorporation 
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of pS]methionine into TCA-precipitable material (data not 
shown). Thus, the two calcium ionophores caused decreased 
accumulation of many of  the myoflbriUar proteins in primary 
myotube cultures. 
Calcium-dependent Regulation 
of Protein Degradation 
Accumulation of a protein is determined by the net balance 
between the rates of protein synthesis and degradation. There- 
fore, we investigated the extent to which the effects of A23187 
on myofibrillar proteins result from changes in synthesis and 
degradation. Cultures were labeled for 24 h with [3SS]methi- 
onine and protein degradation measured by pulse-chase anal- 
ysis. A23187 had marked effects on the half-lives of the two 
myosin light chains (Fig.  6). The half-life of LC2f decreased 
from 22.1  h  in control cultures to  16.8 h in A23187-treated 
cells. Similarly, the half-life of LC1 f decreased from 28.8 h in 
controls to 19.2 h in A23187-treated cultures. To survey the 
effects of A23187 on the degradation of the other myofibrillar 
proteins,  cultures  were  labeled  with  [35S]methionine  and 
chased for 24 h in the presence and absence ofA23187. The 
effect of the ionophore is expressed as the percent difference 
in cpm remaining in each protein resolved on one- and two- 
dimensional polyacrylamide gels.  In  addition  to  increasing 
the degradation of the two myosin light chains, A23187 also 
increased  degradation  of TM.  In  contrast,  A23187  caused 
decreased degradation of  Ac and troponin-C and had no effect 
on the degradation of MHC, troponin-T, troponin-I, or of the 
cytoskeletal and Z-line proteins, a,# desmin (Dm) (Table I). 
Increasing the amount of A23187 administered to the cells, 
from 0.38  ~M  to  2.0  ~M,  did  not  substantially  affect the 
A23187-induced  increases in protein degradation. However, 
the increased dose was still  subthreshold  for contraction in 
these  cells.  In contrast,  decreasing the  amount  of A23187 
added, to 0.1 uM, resulted in a loss of the A23187 effect (data 
not shown). Similar to the results on accumulation, A23187 
had no effect on total protein degradation, as determined by 
the cpm remaining in TCA-precipitable material after 96 h of 
incubation (data not shown). A23187  also had no effect on 
the degradation of the total myofibrillar, membrane, or solu- 
ble protein fractions (data not shown). g 
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Frcu~E  4  Effect of A23187 on the accumulation of myotube proteins: MHC (A), myosin LClf (B), myosin LC2f (C), Ac (D), TM 
(F), protein Z (F). 7-d-old myotube cultures were continuously labeled with [35S]methionine  (5 ~Ci/ml) in the presence (O) and 
absence (O) of A23187 (0.38/~M).  After various times, cell protein was separated by one- and two-dimensional gel electrophoresis 
and  analyzed  as described  in  Materials and  Methods.  Individual proteins were  identified  by co-electrophoresis with  purified 
marker proteins. Each point represents the average of two determinations, which agreed within 5%. Similar results were obtained 
in at least three independent experiments. 
Calcium-dependent Regulation 
of Protein Synthesis 
The  effect of A23187  on  protein  synthesis  in  myotube 
cultures was examined. Cells were incubated in the presence 
and  absence  of A23187  for  various  periods  of time,  and 
[35S]methionine  was added for 1 h  before the solubilization 
of cell protein. A23187 had little or no effect on the synthesis 
of total myotube protein (Table II). However, after 48 h  of 
incubation, there was a marked decrease in the synthesis of 
MHC,  LC2f,  LClf,  Tm,  Ac,  and  Dm (Table III). For the 
majority of the  myofibrillar proteins  (LC2f,  TM,  Ac,  and 
Din), this effect was even more apparent after 72 and 96 h of 
incubation in the presence of A23187.  However, for two of 
these proteins, MHC and LCl f, the maximal effect was ob- 
tained after 48 h of incubation with A23187 and was main- 
tained at this level for the remainder of the experiment (Table 
III). Thus, there appears to be decreased synthesis of many of 
the myofibrillar proteins in A23187-treated cultures. 
Therefore, the large decrease (75%) in the accumulation of 
LC I f, LC2f, and TM in A23187-treated cultures results from 
both decreased synthesis and increased degradation of these 
SILVER 
proteins.  The  smaller  decrease  (30%)  in  accumulation  of 
MHC is consistent with decreased synthesis, accompanied by 
no change in degradation, of this protein in A23187-treated 
cultures. Finally, the small decrease (25%) in the accumula- 
tion of Ac in the presence of A23187  is accounted for by a 
larger decrease in the synthesis of the protein, relative to the 
observed decrease in its degradation. 
Characterization of Calcium- 
dependent Proteolysis 
In muscle, lysosomal as well as nonlysosomal proteolytic 
activities have been implicated in the breakdown of endoge- 
nous proteins (14,  17). We therefore used agents with different 
target specificities to define  the  system responsible for the 
increased breakdown of the myofibrillar proteins in A23187- 
treated cultures. One of the agents used was leupeptin, which 
is a low molecular weight inhibitor of many thiol proteases, 
including the nonlysosomal Ca++-dependent proteases, as well 
as the lysosomal proteases, cathepsins B, H, and L (3, 26, 42). 
Myotube cultures were incubated in the presence and absence 
of A23187 and leupeptin (50 tLg/ml) for the indicated chase 
period. The A23187-induced increases in the degradation of 
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FIGURE  5  Effect  of  ionomycin  on the  accumulation of  myotube 
proteins: myosin  LClf  (A)and  myosin  LC2f (B).  7-d-old  myotube 
cultures were continuously labeled with [35S]methionine (2 #Ci/ml) 
in the  presence (O) and absence of (@) of ionomycin  (0.38/~M). 
After various times, cell protein was separated by two-dimensional 
gel  electrophoresis and  analyzed as  described  in  Materials  and 
Methods. Each point represents the average of two determinations, 
which agreed within 5%. Similar results were obtained in at least 
three independent experiments. 
the two myosin light chains were blocked by leupeptin (Table 
iv). 
To distinguish between lysosomal and nonlysosomal pro- 
teolysis,  we  used  the  lysosomotropic  agent,  methylamine. 
Methylamine  is  thought to  act  by  raising  the  pH  of the 
lysosome and/or by inhibiting the fusion of the autophagic 
vesicles with the lysosome (23). Myotube cultures were incu- 
bated in the presence  and absence  of A23187  and methyl- 
amine (10 mM) for the indicated chase period. Methylamine 
blocked the A23187-induced increases in the degradation of 
LC2f,  LClf,  and  TM  (Table  V).  Another  lysosomotropic 
agent, chloroquine (10 ~M), had the same effect as methyl- 
amine in these cells (Table V). Therefore, the increased deg- 
radation  of the  myofibrillar  proteins appears  to  involve  a 
lysosomal pathway. Interestingly, the A23187 effects occur in 
the presence  of serum,  a  condition in which no lysosomal 
component of overall protein degradation can be detected (1, 
27). 
DISCUSSION 
We  have shown that the  calcium  ionophores A23187  and 
ionomycin,  at  a  concentration  that  was  subthreshold  for 
contraction, caused decreased accumulation of the myofibril- 
lar proteins, MHC, LCIf, LC2f, TM, and Ac in primary chick 
myotube  cultures.  These  agents  had  no  effect  on  overall 
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FIGURE  6  Effect  of  A23187 
on the degradation of myosin 
LC2f (A) and LClf (B). 7-d-old 
myotube  cultures  were  la- 
beled  for 24  h  with  [3SS]me- 
thionine (20 ,Ci/ml) and then 
thoroughly washed in medium 
containing 10-fold excess cold 
methionine.  The  cells  were 
then incubated for various pe- 
riods of time in the presence 
(O) and absence (@) of A23187 
(0.38/zM), in medium contain- 
ing 10-fold excess cold methi- 
onine, cpm remaining in indi- 
vidual  myofibrillar  proteins 
was determined after two-di- 
mensional gel electrophoresis 
of  muscle cell  lysates; n  =  3 
for each point. Similar results 
were obtained in at least three 
independent experiments. 
TABLE  I.  Effect ofA23187 on Protein Degradation 
in Myotube Cultures 
Degradation 
% Stimulation 
Myosin LC2f  15.5* 
Myosin LC 1  f  17.1 * 
TM  13.9" 
Ac  -28.0* 
Troponin-C  -36.5* 
MHC  3.2 (NS) 
Troponin-T  -3.7 (NS) 
Troponin-I  -5.9 (NS) 
Dm  5.5 (NS) 
A23187 (0.38 #M) was added during the 24-h chase period, as described 
under Materials and  Methods.  The  percent  stimulation  represents the 
difference  in cpm remaining in individual  proteins between control  and 
A23187-treated cultures, relative to control values. The Student's t-test (P 
values) indicates the significance of the difference in each protein, n =  6 
for each point. NS, not significant. 
* P < 0.001. 
* P <  0.025. 
protein accumulation, which can be accounted for by several 
means. Firstly, it is possible that the ionophores can also cause 
increased  accumulation of other proteins  in  the  myotube, 
thereby opposing the negative effect that the drugs have on 
myofibrillar protein accumulation. Such an effect has been 
demonstrated in cultured chicken  pectoralis muscle,  where 
A23187  and  ionomycin  have  been  shown  to  increase  the 
synthesis of two  membrane-bound proteins of 80,000  and 
100,000 D  (37, 45). Secondly, unlike adult muscle, the my- 
ofibrillar  proteins in the embryonic myotube cultures com- 
prise a relatively small proportion of the total cellular protein; 
< 10% of the protein synthesized in mature myotubes consists 
of myosin, actin, and tropomyosin (data not shown). There- TABLE II.  Effect ofA23187 on Total Protein Synthesis 
in Myotube Cultures 
Protein synthesis 
Time  Control  A23187  Difference 
h  cpm/pg protein x  10  -s  % 
24  4.15  4.16  -0.3 
48  2.58  2.36  8.5 
72  2.08  2.02  2.8 
96  2.07  1.92  7.2 
7-d-old myotube cultures were  incubated  in the presence  and absence of 
A23187 (0.38 pM).  [3SS]Methionine (100/~Ci/ml)  was added  for I  h before 
the solubilization  of cell  protein. Incorporation  of label  into total cellular 
protein was determined after TCA precipitation. Values shown are duplicates 
that vary <5%. Similar results were obtained in at least three independent 
experiments. 
TABLE III.  Effect ofA23187 on Myofibrillar Protein 
Synthesis  in Myotube Cultures 
Percent inhibition of synthesis 
Myosin  Myosin 
Time  MHC  LC2f  LClf  TM  Ac  Dm 
h 
24  11.O  8.5  6.5  3.6  -5.5  -- 
48  27.5  18.6  57.6  31.7  17.2  45.5 
72  29.0  46.1  52.3  27.0  25.7  30.2 
96  28.4  60.1  62.9  58.9  41.7  62.1 
7-d-old myotube  cultures  were  labeled  as described  under  Materials and 
Methods. Incorporation of label into individual proteins was determined after 
two-dimensional gel electrophoresis of muscle cell lysates. Values shown are 
duplicates that vary <5%. Percent inhibition represents the difference in cpm 
remaining  in  individual  proteins  between  control and A23187-treated  cul- 
tures, relative to control values.  Similar results were obtained in at least three 
independent experiments. 
TABLE IV.  Effect of Leupeptin on Myosin Degradation 
in Myotube Cultures 
Degradation 
LC2f  LClf 
% Stimulation 
Control  --  -- 
Leupeptin (50 pg/ml)  -26.4*  10.4 (NS) 
A23187  10.8*  23.5' 
Leupeptin  +  A23187  -27.0  s  0.5 (NS) 
A23187  (0.38 pM) and leupeptin (50 #g/ml) were added during the 24-h 
chase period as described  under Materials and Methods. Percent stimula- 
tion  represents  the  difference in  cpm  remaining  in  individual  proteins 
between  the control and each experimental condition,  relative to control 
values,  n = 6 for each point. NS, not significant. 
* P <  0.05. 
* P <  0.0025. 
P < 0.025. 
fore,  decreased  accumulation  of the  myofibrillar  proteins 
might not be detected in overall protein accumulation in these 
cells. 
It is probable that the effects of the ionophores on protein 
metabolism are mediated by movement of calcium in the cell, 
i.e.,  by increased influx of the ion across the plasma mem- 
brane and/or by increased transport of calcium between var- 
ious intracellular pools. Indeed, the A23187-stimulated efflux 
of 45Ca  ÷÷ from the myotubes (Fig.  l) strongly suggests that an 
increase  in  the  free  intracellular  calcium  concentration  is 
produced by this drug (38). The magnitude and time course 
of the efflux experiment resembles that seen in other studies, 
which have also shown that low concentrations of A23187 
SILV[R 
TABLE V.  Effect of Methylamine and Chloroquine 
on Proteolysis  in Myotube Cultures 
Degradation 
Myosin LC2f  Myosin LClf  TM 
% Stimulation 
Control  --  --  -- 
A23187  20.4*  19.8*  18.2* 
Methylamine (10 mM)  -0.6 (NS)  -1.1  (NS)  -28.1' 
Methylamine +  A23187  -11.1  (NS)  -6.7 (NS)  -39.5 m 
Chloroquine (10 pM)  -2.8 (NS)  -5.5 (NS)  -27.8  s 
Chloroquine +  A23187  -6.6 (NS)  -9.1  (NS)  -33.8  s 
A23187 (0.38 #M), methylamine (10 mM), and/or chloroquine (I0 pM) were 
added during  the  24-h  chase  period,  as described  under  Materials and 
Methods.  Percent stimulation represents  the difference in cpm remaining 
in individual proteins between the control and each experimental condition, 
relative to control values,  n = 6 for each point.  NS, not significant. 
* P < 0.025. 
* P< 0.05. 
i  Y<0.01. 
can increase intraceUular calcium levels in a wide variety of 
cell types including muscle (37,  38).  The eftlux  reaction is 
completed  quickly  because  the  labeled  calcium  is  rapidly 
exhausted (Fig.  1); this does not indicate whether or not the 
calcium elevation persists over a longer time course. Indeed, 
we have found increased rates of 45Ca  2÷ efflux even after 24 h 
of exposure to the ionophore (data not shown). In addition, 
A23187 and ionomycin, which are structurally distinct, both 
had the same effects on protein accumulation in the myotube 
cultures. Thus, it is unlikely that the effects on protein metab- 
olism result from effects of the drugs that are unrelated to 
their calcium ionophore properties. 
Our studies demonstrate that A23187  had selective effects 
on the half-lives of some of the myofibrillar proteins. A23187 
increased the degradation of LC I f, LC2f, and TM, decreased 
the degradation of Ac and troponin-C, and had no effect on 
the degradation of MHC, troponin-T, troponin-I, and Din. 
Again, similar to the effects on accumulation, A23187  had 
no effect on total protein degradation or on the degradation 
of the total myofibrillar, membrane, or soluble protein frac- 
tions. The A23187-induced increases in myofibriUar protein 
degradation appear to involve a lysosomal pathway, since the 
effects can be blocked by the protease inhibitor leupeptin and 
the  lysosomotropic agents,  methylamine  and  chloroquine. 
The way in which calcium affects lysosomal function is un- 
clear, but it could involve either direct or indirect effects of 
calcium  on  calcium-dependent  proteins,  for  example,  cal- 
modulin, calcimedin, and/or protein kinases. However, syn- 
ergistic involvement of a calcium-activated neutral protease 
cannot be discounted, since its activity can also be blocked 
by leupeptin (42). 
Interestingly, the effect of A23187  on myofibrillar protein 
degradation occurs in the presence of serum, a condition in 
which no lysosomal component of overall protein degradation 
can be detected (1, 27). Lysosomal proteolytic activity appears 
to be largely responsible for the enhanced proteolysis seen 
during serum deprivation (1). This implies that A23187 may 
bypass  the  inhibition  of lysosomal  proteolysis due  to  the 
presence of serum, or that A23187  can activate a lysosomal 
pathway  that  is  serum-insensitive.  Calcium  may  act  at  a 
prelysosomal step such as autophagy (15). It is also interesting 
to note that both leupeptin  and the lysosomotropic agents 
(Tables IV and V) had effects on the basal protein degradation 
that varied with respect to the specific myofibrillar protein. 
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whereas degradation of LC 1  f and LC2f were unaffected; leu- 
peptin inhibited degradation of LC2f, but had no effect on 
proteolysis of LC I f. This suggests  that these proteins do not 
turn over coordinately, and moreover, that the basal degra- 
dation  of these proteins may be accomplished via different 
pathways. In addition, the small inhibition of  basal proteolysis 
compared with the complete inhibition  of A23187-induced 
degradation suggests the possibility that distinct mechanisms 
may be responsible for basal and calcium-accelerated prote- 
olysis. 
Other studies have demonstrated that calcium can cause 
increased intracellular proteolysis in muscle and in other cell 
types (15,  21,  25,  36,  40).  However, important differences 
exist  between  these  studies  and  those  reported here.  Such 
studies used adult muscles over a time course of several hours 
and doses of A23187  that were much larger (5-50x) than 
those used in the present experiments. Rodemann et al. have 
concluded that the calcium-induced increases in overall pro- 
tein  degradation  were  mediated  by  a  lysosomal pathway, 
based  on  an  inhibition  of the  effect  with  leupeptin  (36). 
However, recent studies in our laboratory have led to a  re- 
interpretation of their conclusions. Using several lysosomo- 
tropic agents as well as leupeptin, it has been concluded that 
a nonlysosomal pathway is responsible for the stimulation of 
overall proteolysis by A23187  in  adult rat skeletal muscles 
(47).  Thus,  calcium  appears  to  have  multiple  actions  on 
distinct proteolytic pathways in muscle. 
Similar to its effects on degradation, A23187  had little or 
no effect on total protein synthesis. However, A23187 selec- 
tively decreased  the  synthesis  of the  myofibrillar proteins 
MHC,  LClf,  LC2f,  Ac,  TM,  and  Dm.  Calcium  has  been 
previously shown to affect protein synthesis at the levels of 
both  transcription  and  translation  (16,  45).  The  effect  of 
A23187 on contractile protein synthesis and degradation was 
not affected by contaminating fibroblasts, since primary fibro- 
blast cultures do not synthesize the myotube -specific myofi- 
brillar proteins (data not shown). 
Other agents that would be expected to involve alterations 
in  calcium  can  also  influence  the  rates  of synthesis  and 
degradation of myofibrillar proteins in  chick myotube cul- 
tures. Tetrodotoxin and elevated intracellular potassium (K÷), 
both of which inhibit  spontaneous contractions,  selectively 
increased the degradation of the myofibrillar proteins, while 
having no effect on the synthesis of these proteins (2, 6). The 
co-carcinogen  12-O-tetradecanoyl  phorbol- 13-acetate  selec- 
tively increased the degradation and decreased the synthesis 
of the  myofibrillar proteins  (44).  These  results differ from 
those  presented  here  since  these  agents  affected all  of the 
contractile proteins similarly; in contrast, the calcium iono- 
phore A23187 affected individual myofibrillar proteins differ- 
ently. Thus, the effects of K ÷, tetrodotoxin, and  12-O-tetra- 
decanoyl phorbol-13-acetate do not appear to be simply me- 
diated by changes in calcium. Likewise work-induced hyper- 
trophy of muscle, although associated with increased average 
cytosolic calcium levels,  may also involve other factors, and 
thus it is probably not surprising that the present results do 
not mimic the increased muscle mass resulting from enhanced 
activity (13).  In addition,  the precise compartmentalization 
or mechanism of calcium elevation may be of importance in 
determining multiple effects associated with calcium fluxes, 
i.e., endocrine, or activity-induced effects on muscle compo- 
sition (5,  13, 39). 
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The differential effect of A23187  on the degradative rates 
of the myofibrillar proteins suggests that there might be selec- 
tive release of individual  proteins  from the  myofilaments, 
and/or some degree of localized myofibriUar disassembly. A 
pool of individual contractile protein subunits might be de- 
graded  by  lysosomal and/or  nonlysosomal proteases.  The 
existence of soluble pools of unassembled contractile proteins 
has been proposed for the myosin light chains and troponin- 
I, based upon kinetic labeling arguments and the existence of 
immunoreactive material in soluble subcellular fractions (18, 
29,  33,  46).  Calcium  could  possibly act  by regulating  the 
equilibrium  of protein  between  assembled and  free pools, 
and/or it could act to affect the degradation of proteins in the 
dissociated  state.  In  any  case,  together  with  the  selective 
inhibition of synthesis of the myofibrillar proteins, the move- 
ment  of calcium appears to act so  as to  alter the  relative 
proportion of contractile proteins in the myotube. 
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